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Abstract 
Most of the long-reach inspection devices developed so far have a limitation in the reduction of their diameter when 
their length is increased. This limitation is due to the technology used to provide the actuation to the system. The 
use of water-jet as propulsion source is promising to be a solution for this problem. Currently different devices use 
water-jet as propulsion. However, none of these systems have been designed for small-scale nor have a straightfor-
ward control. Therefore, in this paper, we discuss the development of a long-reach water-jet probe aimed to be used 
in Fukushima Daiichi Nuclear Power Plant. The main elements that define this probe are three high-pressure pumps 
at the base, three hoses whose water flow is controlled for maneuvering the device, an Inertial Measurement Unit to 
acquire the attitude of the tip, and a joystick that allows the user the control of the whole device. Moreover, its design 
allows it to move in different kind of environments and generate three-dimensional motion. Besides the experimenta-
tion developed to characterize its behavior, the system was tested in different environments; such as on the ground, 
in the air and inside the water; showing the best control in aquatic environments.
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Background
The incident at the Fukushima Daiichi Nuclear Power 
Plants (NPPs) has brought different kinds of challenges 
to the development of robotic devices that are used for 
decommissioning and cleanup of the installations. Sev-
eral robots have been used for the decommissioning of 
reactors in places where accidents have happened, such 
those employed at Three-Mile Island [1], or for the dis-
mantlement of different facilities around the world due 
to the end of their lifespan [2, 3], or just for quotidian 
maintenance labors [4]. All these robots have in com-
mon that most of them have been designed to perform 
certain tasks in environments that are well known or 
require the preparation of the surroundings to perform 
their task without problem. Unfortunately, due to the 
way the accident in Fukushima Daiichi Nuclear Power 
Plant occurred; earthquake, tsunami, and the hydrogen 
explosion of the reactor buildings; the infrastructure 
of the nuclear facility was severely damaged, making it 
extremely difficult to access critical areas. Ascertaining 
the exact condition of theses areas has become very com-
plicated. Therefore most of the robots developed up to 
that moment were not able to be deployed safely inside 
the facilities.
Debris blocked the access to several areas and many 
places were flooded due to the tsunami. Various critical 
locations inside the NPP such as the reactors were inac-
cessible and their statuses were unknown since many of 
the measurement instruments were also damaged. This 
brought severe problems since it was extremely difficult 
to know the correct way to proceed for the decommis-
sioning and the solution to other important issues, such 
as stopping the leakage of radioactive material. Before 
the incident, there were not robots specially designed to 
deal with this kind of tasks or conditions. For that rea-
son, some of the first robots used to survey the disaster 
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zone were originally designed to be used on military 
operations [5]. Although these robots were adapted to 
be deployed in the disaster area, they faced different dif-
ficulties or limitations and the design of more specialized 
robots became necessary [6].
One of the more alarming situations about the acci-
dent was the leakage of radioactive water from the Pri-
mary Containment Vessel (PCV). Hence the solution 
to this problem was a high priority issue in the decom-
missioning process. The primary challenge with this 
task is that the accesses to the PCV are limited and not 
suitable for most of the robotic systems. Furthermore, 
due to the high level of radiation expected inside of the 
PCV, the opening of access holes for the insertion of sur-
vey systems is not desirable. For that reason, one of the 
most reasonable access is through the piping system. As 
is displayed in Fig.  1, a borescope and a thermocouple 
were inserted through the X-53 penetration pipe in the 
preliminary investigation at unit 2. After the insertion 
of the devices to the PVC, they kept hanging next to the 
wall. Therefore, this investigation only brought data of 
the conditions of a limited section of the PCV. Figure 2 
illustrates the planned route for a more comprehensive 
inspection of unit 2 with a robotic system. The plan con-
sists in accessing through the X-6 penetration pipe and 
enter to the pedestal using the Control Rod Drive (CRD) 
rail. With respect to unit 1, a robot has already been 
deployed inside the PCV. As is displayed in Fig. 3a, this 
robot was inserted through the X-100B penetration pipe. 
After crossing the pipe, the robot along with a monitor-
ing camera were slid hanging inside the PCV until the 
robot reached the grating. Afterward, the robot con-
ducted an investigation around the grating. All the pip-
ings considered for the investigation consist of straight 
pipes of about 20 m length and a minimal inner diameter 
of 100 mm.  
The robot deployed in unit 1 is slim enough to access 
through the piping. It uses crawlers as propulsion ele-
ments. Furthermore, as is indicated in Fig.  3b, it is 
equipped with sensors such as a thermometer, dosim-
eter, CCD cameras, and laser for measuring distances 
and is remotely operated by a wired cable. As is shown 
in Fig.  3c, it is designed to change its form in order to 
generate better mobility when it reaches the grating. In 
order to verify the location of fuel debris bellow the grat-
ing, it is important the development of a device that can 
access through the grating whose shortest spacing length 
is 25 mm [7]. Furthermore, since the current robots are 
propelled only through crawlers, which require a contin-
uous contact with some surface to properly work, their 
mobility might be limited in the water contained under 
the grating. Taking into consideration the condition men-
tioned before and the limitations of the systems used 
so far, it is required an inspection system slim and long 
enough to gain access through the piping and overcome 
the grating. Moreover, this system must be tough enough 
to bear radioactivity and aquatic environments, as well as 
good controllability under water.
Among the different robotic systems available at the 
moment of the accident, those known as continuum 
robots seemed to be the best option for this task since 
these systems are highly adaptable to the surroundings 
and possess a high length/diameter ratio compare to 
other systems. Furthermore, in most continuum systems, 
the heavy actuation elements are placed at their base, 
enabling the isolation of these components from the 
harsh conditions of the environment where the inspec-
tion is performed and reduction of the weight of the 
device’s inspection segments. In general, these kinds of 
robots are classified as intrinsic, extrinsic, or hybrid [8]. 
These classifications are based on the kind of actuation 
they use. The intrinsic configuration uses fluid in bellows, 
Fig. 1 Access used on preliminary inspection of the Unit 2 PCV. 
The preliminary inspection inside of PCV was carried out with a 
borescope (green) and a thermocouple (red). The access was through 
a 100 mm inner diameter piping. Adopted from TEPCO [24]
Fig. 2 Different penetration access considered for the investigation 
in unit 2. The two access route considered are parallel but at different 
height, since access X-6 may be under the water. Adopted from 
TEPCO [25]
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which allows expansion or contraction by the change of 
pressure in the fluid. In this manner, the bellow defines 
the body and actuator element for this system. By the 
arrangement of at least three bellows in a parallel array, 
it is possible to generate spatial motion. Additionally, 
by serially connecting these arrangements, it is possible 
to build a longer device with more complex locomotion 
capabilities.
Some examples of this configuration are the systems 
developed by Festo [9] and the OctArm [10]. On the 
other hand, the extrinsic configuration is based on bend-
ing flexible backbones, such as springs or rods, that are 
connected at the end of the elements through tendons. 
These tendons come in triads for every elastic element 
in order to generate spatial motion. As with the intrin-
sic systems, several groups of these elements can be con-
nected serially to increase the length and complexity of 
locomotion. Some examples are the robots developed 
by OC Robotics [11] and the tendril robot developed by 
NASA [12]. Finally, the hybrid configuration uses a mix 
of the systems mentioned before. These combinations 
could be a concentric/pneumatic, where a flexible back-
bone is bent through pneumatic actuators instead of ten-
dons; or tendon/pneumatic, where the backbone is based 
on pneumatic actuators and tendons are used to bend the 
body [13].
While continuum robots generally have good length/
diameter ratios, an increase in the robot’s length typi-
cally necessitates an increase in the diameter of its proxi-
mal part. This is because with every new segment added, 
more tendons or hoses are required. All these elements 
have to pass through the body from the base of the sys-
tem to the segment where are acting. Therefore, the seg-
ments nearer to the base tend to be thicker than the rest 
of the body. This is a disadvantage considering that this 
task requires a considerably long device that should move 
inside a 100 mm diameter piping.
OC Robotics has developed a series of snake-arm 
robots that have been used successfully in NPP to con-
duct inspection or repair operations [14]. Despite the 
fact that these robots have high-performance mobility 
and some of them have diameters smaller than 100 mm, 
their length is limited to a couple of meters. Another 
project under development, which also uses wire-rope 
drive, attempts to increase reach length of the arm. How-
ever, the proposed final diameter is not small enough to 
be deployed through the piping [15]. From the examples 
mentioned above, the tendril developed by NASA is the 
only system that keeps a slim constant diameter through-
out its length [12]. This is because only a few sections at 
the distal part are actuated and the rest of the body is pas-
sive. This design limits the locomotion of the system and 
it does not allow controlled propulsion nor locomotion 
in open areas since the only propulsion force forwards 
comes from pushing the tendril from its base, where the 
system is flexible and lacks actuation.
A robotic system that allows the inspection of narrow 
spaces while keeping a constant diameter all along the 
device is the active scope camera [16]. This robot has 
been tested in disaster situations with debris and has 
shown good performance in adapting to its surround-
ings. Its propulsion is based on the vibration of its cilia. 
Fig. 3 Access route and system developed inside Unit 1 PCV. a Route to access the pedestal in Unit 1 through the penetration pipe of 100 mm 
inner diameter. b Moving through pipe configuration. c Moving on granting configuration. Adopted from TEPCO [26]
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However, it requires reasonably good contact with some 
surface in order to have good propulsion. Taking into 
account this point, this system would have a limited 
control or would lose its propulsion due to the lack of 
contact with surfaces after it exits the access pipe and is 
inside the water.
Other long-reach systems with a small diameter are 
those used for the inspection and maintenance of pip-
ing networks. The body of these systems is essentially a 
passive elastic hose, flexible enough to adapt to the con-
tinuous change of direction present in pipings, and its 
propulsion source is located at the tip. This propulsion 
is based on water-jet which generates enough thrusting 
force to pull the whole system inside the network. The 
movement of these devices is limited since their propul-
sion is only forward; some special passive tools are used 
to assist in adapting to changing directions [17]. In case 
the pipe is big enough and path selection is necessary, 
robotic mechanisms can be employed [18]. Despite the 
fact that these systems have a fixed diameter along their 
body and capable of self-propulsion. They lack control for 
open areas, which is necessary when the system is inside 
the PCV. There exist other devices that use water-jet as 
their propulsion source and it is possible to control them 
in open areas. These devices are developed for amuse-
ment activities. Their size is considerably large and their 
control is completely manual. Furthermore, the user 
requires highly trained skills, as well as ride the device to 
control it through his/her body movements [19, 20].
Taking into account all the elements mentioned before, 
we propose a new robotic system that uses water-jet as a 
propulsion source. The flow of water-jet is automatically 
controlled based on the operator’s commands and data 
from a posture sensor, achieving ease maneuvering. The 
overview of the system is illustrated in Fig. 4. This system 
is composed of the following items.
1. High-pressure pump. This element is necessary to 
generate flow through a long and thin hose. By the 
regulation of the speed of the pump, the flow is regu-
lated, consequently the thrust force as well.
2. Flexible hose. This element allows the transporta-
tion of water from the base to the tip of the system. 
It should be strong enough to bear the pressure 
required to transport the liquid, as well as flexible 
enough to allow adaptation to the surroundings. Fur-
thermore, it should be long enough to move through 
the 20  m length pipe and conduct the inspection 
inside the PCV.
3. Nozzle. This element is used for the redirection of 
the flow, as well as to increase the speed of the fluid 
in order to augment the thrust force of the water-jet.
4. Posture sensor. This sensor is to acquire the vari-
ations on the attitude at the tip of the device. Data 
obtained from this sensor is used to adjust the flow of 
water in order to correct any variation that modifies 
the operator’s commands. Moreover, we consider the 
addition of more nozzles along the body. These will 
assist the movement of the system, in case an inspec-
tion in a more complex piping is planned. Other sen-
sors such as camera, dosimeter, temperature sensor, 
and so on, should be mounted at the tip of the probe 
in order to have a useful inspection system.
The novelty of the concept proposed is that with the 
combination of inertial sensing and water-jet propulsion, 
it is possible developing systems highly adaptable to the 
surroundings, and with a larger length/diameter ratio. 
As well as the reduction in the number of actuators and 
an easy control that might not require previous training 
since inertial sensing helps to solve different issues pre-
sent in a purely manual control.
In this paper, we center our attention on the study of 
the feasibility of the water-jet as a propulsion for a slim, 
long-length inspection system and the analysis of a device 
potentially capable of fulfilling the requirements of size 
and mobility necessary for the inspection task inside the 
PCV. In this first stage of the study, we focused on the 
propulsion and control at the tip of the device. First, we 
outline different possible configurations of devices that 
allow us to verify our proposal and then the theoretical 
background is formulated. Next, we analyze the results 
of basic experiments performed in order to understand 
Fig. 4 Concept of the proposed device. The concept establishes 
an inspection system slender enough to move through the piping 
and pass the grating inside the PVC and move inside the water. The 
propulsion of the device is located at the tip of the system and is 
based on the water-jet propulsion. However, we also consider the 
implementation of intermediate water-jets to improve the motion
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the relationship between the different variables and how 
they affect the propulsive performance of the system. 
Afterward, considering the results of the characteriza-
tion of the variables, a first prototype is suggested and the 
details of its mechanical, electronic and control design 
are explained. Finally, a discussion and analysis of experi-
ments carried out in order to verify the mobility of the 
prototype in different environments is presented.
Design concept
We consider the water-jet as a good option to be imple-
mented as propulsion source for a probe since a water-
jet can be generated via the transfer of water through a 
long hose with constant and relatively small diameter 
from a water source to an output nozzle. Additionally, 
such a water-jet generates a thrust force that can be con-
trolled by the regulation of the flow rate. Taking into 
account that this system requires control in open areas, 
three different configurations are suggested. The first one 
is a configuration similar to the tendril from NASA with 
the difference that only one actuated section is required 
at the tip; in this way, it is possible to position the tip in 
the desired place in the three-dimensional space. The 
water-jet is directed partially backwards to the longi-
tudinal axis of the hose, in the same way as in the pip-
ing inspection devices, and via the regulation of the flow 
rate, the magnitude of the thrust force can be controlled. 
The second option is by regulating the water-jet through 
servo-valves. Similar to continuum robots, at least three 
actuation elements are necessary to control the motion 
in three-dimensional space. Thus, it requires independ-
ent control of each water-jet. This necessitates at least 
three servo valves which should be placed at the tip of 
the probe in order to regulate the opening of the ori-
fices of each water-jet, thereby controlling the flow rate 
and thrust force. However, the need of servo valves at the 
tip will increase the diameter of the device and the com-
plexity of the manufacture. Finally, the last proposal is a 
device with no mobile element at the tip. Instead, it has 
three nozzles in circular arrangement directed partially 
backward. Each water-jet is generated independently, 
which means that each nozzle has its own feeding hose 
and independent pump. By regulating the speed of each 
pump, the flow and thrust force are controlled. Because 
the last option is the easiest to implement, we chose the 
three hose configuration to test the concept. A more 
detailed study of the generation of water-jet thrust force 
is presented next.
Water‑jet thrust
The water-jet thrust has been used in different robotic 
systems such as unmanned surface vehicles [21], 
underwater robots [22, 23] and so on. However, these 
systems require immersion in or direct contact with 
water because they take the water for their propulsion 
directly from the environment. It is therefore difficult to 
reduce their size because their pumps are contained in 
the main body. Nevertheless, the loss of energy due to the 
transportation of the water from the input to the output 
is reduced since these two elements are relatively near 
to each other. In order to understand how the water-jet 
propulsion is developed, an idealized nozzle displayed 
in Fig. 5 is considered. In this diagram, the water enters 
through the inlet, whose transversal area is Ai, with a 
velocity vi and goes out through the outlet, that has a 
transversal area Ao, with a velocity vo. Because water is 
used as the fluid of propulsion and this is considered as 
an incompressible element, a special case of the continu-
ity equation, where the mass flow rate (m˙) is constant, is 
used in order to describe the relation of the velocities at 
different points.
where ρ represents the density of the water.
With Eq. 1, it is possible to deduce that the velocity of 
the water increases at the output by reducing the diam-
eter of the output. In an ideal case, where the input and 
output are aligned or in parallel axes, the incremental of 
the rate of change of the momentum is equal to the thrust 
generated. Thus, the faster the water flows at the output, 
the larger the thrust force becomes. However, due to the 
change of direction of the fluid, more elements need to 
be considered as is shown in Fig. 6. In this figure, the ele-
ment of study, the nozzle, is delimited inside a control 
surface. In this control surface Pi and Po represent the 
pressure of the water inside the nozzle and the atmos-
pheric pressure at the output of the nozzle respectively 
while vi and vo are the velocities of the water crossing the 
control surface at the inlet and outlet respectively. Finally, 
FT is the force necessary to keep the system still and rep-
resents the force that cancels the thrust force generated 
by the effects of the inner pressure and the rate of change 
of the momentum of the water. The precise direction 
where FT is directed is unknown, however, we consider 
that most of the thrust force is generated by the water-jet, 
(1)m˙ = ρviAi = ρvoAo
Fig. 5 Flow of water inside the nozzle. Vi and Vo represents the flow 
of the water and its direction at the input and output respectively. 
The oranges circles Ai and Ao represent the transversal area of the 
input and output respectively
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therefore, for our analysis the outlet is aligned with the 
y-axis in order to focus on this direction. For this analysis 
the momentum equation for inertial control volume for 
steady fluid is used.
where Fs represents the surface forces applied on the 
control surface. In our case, these forces are FT and the 
forces generated by the pressures Pi and Po (although Po 
can be ignored if gauge pressure values are used). v is 
the velocity of the fluid when it crosses the control sur-
face and, finally, A is the transversal area where the fluid 
crosses. Developing Eq.  2 with the elements of our sys-
tem in the y-axis and solving for FTy we obtain
Keeping the system motionless, the right side of Eq.  3 
contains the variables that generate propulsive forces that 
are canceled by FT in the y-axis. These variables are: the 
flows of water at the inlet and outlet, represented respec-
tively by the first and second addend, and the inner pres-
sure of the hose, represented by the last addend of the 
equation. Taking into account the proposal of the probe 
done, it is important to consider that these variables are 
generated at the base of the system and the values con-








2ρAi cosα + vo
2ρAo + f (Pi)
the nozzle. As mention before, since water is an incom-
pressible fluid, the flow rate remains constant through-
out the device, while the pressure of the water decreases 
from the pump to the nozzle.
Pressure loss
The loss of pressure in the piping is due to the friction 
of the fluid against itself and its surroundings. There-
fore, the loss increases in the direction of the flow and it 
is directly related to the square of the speed of the fluid 
inside the pipe. In the case of straight pipes, the pressure 
loss can be calculated with the Darcy equation, Eq.  4, 
where P is the pressure loss, ρ the density of the fluid, 
L the length of the pipe, D the inner diameter of the pipe, 
v the average velocity of the flow and finally f is a friction 
factor that is obtained experimentally. The probability 
of using this expression for our system is unlikely due to 
the flexibility of the hoses and the conditions of the task. 
Therefore, a modification of this last expression is done as 
shown in Eq. 5. This new equation allows the calculation 
of the pressure loss in valves, fittings, reductions, bends, 
and so on. The term K, which is known as the resistance 
coefficient, is calculated through experimentation. Even 
though the coefficients of many different elements have 
already been calculated, due to the characteristics of the 
proposed system, it was necessary to conduct experi-
ments to determine the value of the coefficients.
Water‑jet experiments
The understanding of the thrust force generated at the tip 
of the system is crucial because this force is used for the 
forward propulsion as well as the control of the motion 
in the space. In our proposal, we suggest the use of three 
identical water-jet positioned in a circular arrangement. 
Since they are identical, the experimentation of only one 
is enough to understand the behavior and with the super-
position of the results, it is possible to predict the behav-
ior of the three water-jet together.
Test apparatus
In order to measure the variables involved in the sys-
tem, such as pressure, mass flow rate, and thrust force, 
the test apparatus shown in Fig.  7 was built. With this 
test apparatus, we pursue the reproduction of the main 
features of the nozzle displayed in Fig.  6. However, this 
design of the test device considers exchangeable out-
put nozzles and the measurement of the pressure at the 









Fig. 6 Description of the variables considerer for the analysis. The 
elements that generate the thrust force FT  are the pressures Pi, Po and 
the flow of water at the inlet and outlet whose velocities are vi and vo 
respectively
Page 7 of 17Silva Rico et al. Robomech J  (2017) 4:8 
It is therefore possible to quantify the pressure drop in 
the hose. The angle α that describes the direction of the 
output with respect to the input has a fixed value of 45◦ . 
Different diameters of the nozzle are considered for the 
experiments, ranging from 0.2 to 0.8 mm with an inter-
val of 0.1 mm. The direction of the output of the nozzle 
is aligned to a shaft that is connected to a force gauge 
(Shimpo FGP-5) in order to measure the thrust force. 
From the flow source to the nozzle, a high-pressure hose 
is used. This hose is comprised of an inner polyester tube 
that is covered with stainless steel braid. The diameter 
of the inner tube is 4.5 mm while the external diameter 
of the stainless cover is 7 mm and the total length of the 
hose is 5 m. The minimal bending radius recommended 
for the hose is approximately 25 mm and it can support 
pressures up to 15 MPa. The water flow is generated by 
a pump used in a domestic purposes water-jet washing 
machine (IRIS OHYAMA FBN-401). The specifications 
of this system are shown in Table 1. Internally, this wash-
ing machine uses an axial piston pump of three pistons to 
propel the water and an electric universal motor which 
drives the pump. Since the universal motors can operate 
on AC or DC power, we decided to use DC power to reg-
ulate the speed of the motor and consequently, the flow 
of water varying of the voltage supplied to the motor.
The measurement of the pressure at the two ends of the 
hose is done via the VESV/VESI series VALCOM pres-
sure transmitters. Meanwhile, the mass flow rate is cal-
culated indirectly through the measurement of the of the 
mass of the water that is expelled from the outlet and 
Table 1 Specification of water‑jet washing machine
Characteristic Value
Power supply AC 100V 50/60 Hz
Regular discharge pressure Approximately 6.0 MPa
Regular discharge water Approximately 270 l/h
Power consumption 1000 W
Body weight Approximately 4 kg
Fig. 7 Experimental test bed. a General view of all the elements that define the test bed. b Detailed view of the nozzle and the elements attached 
to it
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collected inside a container. The mass of this container is 
measured with a AJ series Vibra balance.
Mass flow rate measurement
As mentioned before, an electronic balance is used to 
measure the mass of the container. This balance is con-
figured to acquire the mass every 0.1 s for a period of 6 
s. The mass flow is acquired by means of the gradient 
calculated from the data acquired. The mass flow rate is 
measured at different input voltages, from 10 to 60 V at 
an interval of 5 V. The measurement initializes from 10 V 
because this is the minimal voltage necessary to start 
the motion of the pump. The experimentation was con-
ducted with all the diameters of nozzle. Figure  8 shows 
the results of the experiments as well as their trend lines. 
The relationship between the voltage supplied to the 
pump and the mass flow can be described through square 
functions. However, after a certain point, the flow rate 
becomes constant, even though the voltage continues 
increasing. This happens when the maximum pressure 
that the pump is able to generate is reached. The chart 
also visually indicates that there is a linear tendency in 
the point where the constant flow starts, which is related 
to the output diameter of the nozzle. It is important to 
mention that the flow is reduced with the reduction of 
the diameter of the orifice. Furthermore, the smaller the 
diameter of the nozzle, the faster we reached the maxi-
mum pressure and with lower voltage.
Pressure measurement
The pressure drop of the water varies depending on the 
state of the hose. Consequently, the pressure drop in the 
hose does not have a steady value. Since it is not feasi-
ble to obtain a unique friction factor for the hose, we aim 
to calculate the highest possible value. In order to cal-
culate this value, most of the hose was gathered in a coil 
of approximately 0.15  m of diameter. We consider that 
this condition generates one of the highest friction fac-
tors that the system could present due to the continuous 
changes of direction of the flow of water. These changes 
generate secondary flows along the hose and these aug-
ment the friction. The only moment this condition is 
presented is when the device is collected before being 
deployed. During the deployment, it is unlikely that this 
situation happen. Therefore, it is unlikely to generate 
larger pressure drop values than those calculated on this 
condition.
During the experimentation, the maximum pressure 
reached was around 8  MPa, which is larger than the 
maximum pressure specified by the maker. However, it 
was possible to reach this value without activating the 
security pressure switch installed in the pump. There-
fore, we presume that the reason for the pressure did 
not increasing further is due to the mechanical strength 
limitation of the pump. The behavior of the pressure can 
be visualized in Fig. 9. The incremental rate of the pres-
sure increases as the diameter of the output get smaller. 
Furthermore, it is observed that the relationship between 
the pressure and the voltage can be described by a quar-
tic function before the pressure reaches its maximum 
value. However, this performance could vary depending 
on the pump. For that reason, the pressure was evaluated 
with respect to another variable that is independent of 
the pump, in this case, the mass flow rate. The behavior 
of the pressure with respect to the mass flow rate is dis-
played in Fig. 10 and its behavior can be described by a 
quadratic function for the whole domain.
Besides the performance of the pressure, both Figs.  9 
and 10 show the pressure after the pump and the pres-
sure before the nozzle. As it was expected, the pressure 
after the pump is higher than the pressure before the 
nozzle. Nevertheless, the pressure does not fall consider-
ably, despite the length and continuous curvature of the 
hose. The percentage of the pressure loss due to the hose 
is shown in Fig.  11. This figure shows that the pressure 
loss is lower than 10% and that the percentage decreases 
when the diameter of the nozzle is reduced.
Taking into account that the characteristics of the noz-
zle do not change, it is possible to calculate the resistance 
coefficient generated with each nozzle with the applica-
tion of Eq. 5, where P is in Pa, ρ is 1000 kg/m3 and v is 
in m/s. The calculated values are displayed in Fig. 12, and 
this figure shows that the growth of this coefficient can 
be described with the power function K = 880.14d−3.842 . 
This function considers the effects of the abrupt change 
of direction and the reduction in the diameter of the ori-
fice, even though the diameter is the only variable that 
changes. Considering the behavior of the function, it can 
be deduced that the diameter of the orifice is the element 
Fig. 8 Description of the mass flow rate generated with different 
diameters of the outlet at different voltages supplied to the pump. 
The flow rate mass displayed at the left side of the dashed line has 
quadratic behavior and keeps a constant value at the right side
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that more contributes to the resistance coefficient value 
since the change of direction keeps constant.
Thrust force measurement
The better way to describe the behavior of the variables 
of interest is with respect to a variable independent from 
the pump performance. However, since we control the 
system through the voltage supplied to the pump, it is 
necessary to describe the thrust force with respect to this 
variable. This description is shown in Fig. 13 and it shows 
that the maximum force reached is around 3.5 N. This 
force is reached only with the nozzles of diameters of 
0.7 and 0.8 mm. In a similar way as it happened with the 
mass flow rate, for the nozzles from 0.2 to 0.6 mm, the 
thrust force increases with the voltage. However, at some 
point, the force tends to keep constant. The behavior of 
the thrust force with respect to the input voltage of the 
pump before it reaches the steady value can be described 
through polynomial functions of degree three. However, 
as it was mentioned before, this behavior will be only 
observed with pumps having the same characteristics as 
the one employed in the experiment.
In order to generalize the results of the thrust force 
regardless the pump used, this force is described in func-
tion of the mass flow rate as is shown in the Fig. 14. In 
this general description, second order functions have the 
best matching to describe the behavior. With this chart, 
it is easier to visualize that the increasing rate of the 
thrust force is larger the smaller the diameter of the noz-
zle. However, the smaller the diameter of the orifice, the 
smaller the maximum thrust force that can be reached. 
This is due to the mechanical limitation that the pump 
has, which is reached easily with the smallest nozzles 
because the pressure increases rapidly.
With the thrust force acquired experimentally and the 
data of the mass flow rate, it is possible to calculate the 
percentage rate of the thrust force generated due to the 
momentum of the water flowing through the input and 
output of the nozzle by using Eq.  3. The results of this 
calculation are visualized in Fig.  15 and show that the 
larger the diameter of the orifice in the nozzle, the larger 
Fig. 9 Description of the pressure at the ends of the hose generated 
with different diameters of the outlet at different voltages supplied 
to the pump. The pressures at the input and output of the hose differ 
slightly and reach a maximum value of around 8 MPa
Fig. 10 Description of the pressure at the ends of the hose gener-
ated with different diameters of the outlet at different mass flow 
rates. The description of the pressure with a variable that does not 
depends on the pump allows to have a better description of the 
behavior
Fig. 11 Description of the percentage of pressure loss generated 
with different diameters of the outlet at different mass flow rates
Fig. 12 Resistant coefficient of the nozzle at different diameters of 
the outlet
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the contribution of the flow of water inside the nozzle for 
the generation of thrust force. This contribution is more 
steady for larger diameters of the orifice, where the per-
centage of the thrust force can reach values up to 90% of 
the total force. Meanwhile for smaller diameters the per-
centage varies more and it can fall to values as low as 20%. 
From the percentages shown in Fig. 15, just a small part 
corresponds to the force generated by the flow of water 
at the input of the nozzle. The maximum percentage of 
force that the flow at the input contributes is up to 2% 
and it only occurs with the orifice of 0.8 mm. Finally, con-
sidering all the variables that generate thrust force; flow 
at the input, flow at the output and pressure; the flow at 
the output is the one that tends to be the main source of 
propulsion. However, this contribution decreases with 
the reduction of the nozzle orifice.
Summary of water‑jet experiments
After the experimentation with the test apparatus, we 
found out that despite that the reduction in the diam-
eter of the orifice increases the speed of the fluid, the 
flow rate decreases at a larger rate and, consequently, the 
thrust force did not increase as expected. Furthermore, 
the main limitation for the thrust force is the maximum 
pressure that the pump is able to bear. The pressures 
developed are relatively large, however, they generate 
a reduced part of the thrust force. Meanwhile, the flow 
of water at the outlet is the main source for the thrust 
generation. It could be considered that a large flow with 
small pressure is preferable. In the analysis of the system, 
we found this characteristics with the nozzle of 0.8 mm 
and this diameter was chosen for the prototype. Further-
more, with the nozzles of diameter smaller than 0.5 mm, 
it was necessary to use filtered water since the tap water 
contains small particles that block the nozzle. Practi-
cally speaking, larger diameter is preferable to avoid this 
problem.
A larger diameter could further reduce the pressure, 
however, this may not bring enough advantages since the 
thrust force is not going to increase any further due to 
the limitation of the pump, as shown by its behavior in 
Fig. 13. Moreover, considering the behavior of the mass 
flow rate shown in Fig.  8, an incremental in the con-
sumption of water is expected. Another possible way to 
optimize the thrust force is by increasing the flow with-
out increasing the pressure is avoiding abrupt changes of 
direction in the nozzle and with a gradual reduction of 
the output instead of the orifice. Even so, these changes 
require a complex manufacturing in a reduced space, that 
could make it not feasible.
Finally, we found that despite the reduction in the 
diameter of the orifice, the speed of the water and con-
sequently the water-jet thrust force did not increase 
as expected because the resistance factor incremental 
reduces the mass flow rate. Furthermore, this resistance 
incremental makes that the pressure elevates faster and 
the mechanical limitations of the pumps are reached 
faster as well.
Fig. 13 Description of the thrust force generated with different 
diameters of the outlet at different voltages supplied to the pump
Fig. 14 Description of the thrust force generated with different 
diameters of the outlet at different mass flow rates
Fig. 15 Percentage of pressure loss due to the hose generated with 
different diameters of the outlet at different mass flow rates
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Hardware design
As was mentioned before, the configuration of three 
nozzles with three independent pumps was chosen 
because this design allows a straightforward implemen-
tation to test the water-jet propulsion. In this configu-
ration, we used three identical hoses that have identical 
nozzles attached. Hoses used in this prototype have the 
same characteristics as the composite hose used in the 
test apparatus. However, the length for the prototype 
increased to 40  m. The nozzle has a single output hole 
with a diameter of 0.8  mm which is directed backward 
with an angle of 45◦ with respect the longitudinal axis 
of the hose, as is shown in Fig.  16a. The three hoses 
are attached rigidly through all their length. The hoses 
together have a diameter of about 20  mm. The output 
holes of nozzles are directed to outside with a separa-
tion of 120◦ between each other. This arrangement is 
displayed in Fig. 16b, c. The diameter of 0.8 mm for the 
nozzle was selected since this diameter generated the 
maximum thrust force with the minimum increase of 
pressure in the system. The pumps used to propel the 
water are the same as the one used in the test apparatus.
With the three water-jets controlled independently, it is 
possible to generate spatial motion. However, as happens 
in all the underactuated systems, a sequence of move-
ments are necessary to reach some points, since it is not 
possible to reach them with direct motions. In particular 
for our configuration, due to the disposition of the water-
jets nozzles, there is not any control on the rotation on 
the longitudinal axis of the probe. This necessitates either 
the addition of a mechanism that allows fixing of the ori-
entation of the nozzles relative to a fixed reference or a 
sensor that acquires the attitude of the nozzles in order 
to do the corresponding compensation depending on the 
current orientation.
Electronic design
Four main elements for the electronic design were con-
sidered: user interface, sensing, processing, and power 
stage. Taking into account that a straightforward control 
is desired, a three axes joystick (Sakae 30JH) is used as 
the interface for the user. The three signals acquired from 
the joystick allows defining the direction of the move-
ment, as well as the magnitude of the thrust force.
Considering the lack of control in the longitudinal axis 
and that any kind of mechanism to fix the orientation of 
the nozzle to an inertial frame will increase the dimen-
sions of the device, we decided to use an inertial-meas-
urement unit (IMU) at the tip in order to acquire the 
attitude at any moment. In particular, the IMU used has a 
3D accelerometer, 3D magnetometer as well as three-axis 
gyroscope. Even though the calculation of the attitude is 
possible by using the data from only the gyroscope, we 
decide to integrate the data of all the sensors embodied 
in the IMU to have more precise values. Furthermore, 
depending on the requirements of the task, other sensors 
can be added. For instance: thermometer, camera, dosim-
eter, and so on.
Because the location of the IMU is far from the base 
of the system, it is better to perform the processing 
of its information nearby the tip. Furthermore, taking 
into account that the data needs to be sent to the base 
as well as protected as much as possible from electro-
magnetic noise, one of the best options to transmit the 
data is through CAN bus. Therefore, a microcontroller is 
necessary at the tip to process the information from the 
IMU and for the adaptation of the resultant data to be 
sent by CAN protocol. For that reason, we selected the 
HiBot TiTech M4 Controller board, which possess all the 
required elements mentioned before. At the base of the 
probe, another microcontroller is required to receive the 
information from the TiTech M4 and process the attitude 
data together with the information of the desired direc-
tion of motion sent by the user through the joystick. For 
this task, we chose the HiBot TiTech SH2 Controller 
board.
By using CAN standard, we can reduce the weight of 
the whole cable because this communication can be done 
with a few wires. In particular, for our system, we decide 
to use shielded cable with two pairs of inner twisted 
cables. One pair transmits the High and Low CAN sig-
nals and one cable from the second pair is used as the 
ground reference. The other cable in the second pair is 
used together with the shield to transmit power to the 
microcontroller. This configuration allows the connec-
tion of several nodes. Additionally, due to the differential 
Fig. 16 Schematic of a single hose and disposition of the hoses at 
the tip of the device. a Lateral cut view of hose and its connection 
with the nozzle. b Lateral view of the three nozzles and water-jets 
disposition. c Frontal view of three nozzles and water-jets disposition
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signaling used in this protocol, the data is protected 
against environmental noise. It is important to adjust 
the bitrate communication depending on the length of 
the cable, having a max rate of 1000 kbit/s. In particular, 
we adjust the bit rate communication to 500 kbit/s since 
the total length of our cable is 50  m. Considering that 
the TiTech M4 is located at the tip, this and its connec-
tion with the cable must be waterproof. Thus, in order 
to avoid increasing the weight and size at the tip, a sili-
cone case that completely covers the microcontroller was 
manufactured. Figure 17 shows the TiTechM4 inside the 
silicone case while testing the water seal and the final dis-
position at the tip of the system.
Finally, the power stage consists of three independent 
motor drivers (HiBot 1XH Power Module) and a univer-
sal motor for each pump. Each driver is fed with inde-
pendent signals from the TiTech SH2, which processes 
the signals from the joystick and the IMU. After the sig-
nals are received, they are processed and converted to a 
Pulse Width Modulation signal (PWM), whose duty cycle 
regulation allows the control of the angular speed of the 
universal motor. The organization of all electronic ele-
ments are condensed in Fig. 18.
Control design
The movement of the tip is controlled through the regu-
lation of the flow rate which directly modifies the thrust 
force of each water jet. Therefore, as is shown in the 
local reference system of Fig.  19, the direction of the 
movement can be established by the vectorial summa-
tion of the thrust forces of the three water-jets. After 
normalizing the magnitude of the thrust force of each 
water jet, the calculation of all the possible magnitudes 
and directions of the total thrust force is done. The family 
of the final points of all the thrust force vectors calculated 
is displayed in Fig. 20. This figure shows that the whole 
family of points is contained inside a cube. The points of 
maximum and minimum thrusting force are located on 
the red and blue vertices of the cube, which coincide with 
the longitudinal axis of the probe as well.
Since the orientation of this cube is fixed to the orien-
tation of the nozzles and the field of force vectors is not 
symmetrical on the longitudinal axis, the correction of 
the propulsion, when a rotation on this axis is presented 
could generate some difficulties. Due to the lack of sym-
metry in vectors field, at some changes of orientations, it 
Fig. 17 TiTech M4 with cable connectors inside the silicone case. a Dimension of the silicon case and connection with the communication cable. b 
Final position of TiTech M4, the fins are installed to increase the protection to the microcontroller
Fig. 18 Schematic of the electronic system
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is not possible to generate all the vectors with respect to 
the inertial orientation, especially those located nearby 
the edges of the cube. Taking into account that the con-
trol is done through a joystick, one way to solve the prob-
lem of lack of symmetry and to better relate the thrust 
force vector field with the motion of the joystick is by 
reducing the force field shown in Fig. 20. We propose the 
limitation of the low magnitude vectors of the field with a 
cone as is displayed in Fig. 21. The aperture of the cone is 
defined by the maximum angle that allows the cone to be 
completely contained inside the lower half of the cube. In 
this case, the aperture angle is 53.13◦. This angle allows 
us to decrease as little as possible the vector field of the 
low half. While it is possible to delimit the whole vector 
field with two cones connected by their base, we only 
delimited the lower magnitude zone to avoid reducing, 
even more, the vector field. This allows for more accu-
rate control of the device with the forces contained in the 
low magnitude zone, which fits better with the motion 
of the joystick. Meanwhile, in the zone of higher magni-
tude forces, the complete range of thrust forces that the 
system can generate are available. Nevertheless, for these 
zone, the precision of the control is reduced due to the 
reduction of similarity with the field of motion of the 
joystick. 
In regard to the control of the whole device, we decide 
to adopt a control similar to the radio-control cars, since, 
like them, our system is underactuated and a forward 
motion is generated in order to move sideways. The main 
difference is that our device can move in three-dimen-
sional space. The x-axis from the joystick represents the 
horizontal motion, meaning left-right motion, and the 
y-axis represent the vertical motion, meaning the up-
down motion. This two motions are defined on a local 
reference frame that is located at the tip of the probe, 
which moves all the time with the probe and keeps its 
y-axis perpendicular to the ground of the user: the iner-
tial reference frame. Finally, the z-axis of the joystick 
controls the magnitude of the thrust force. As a result, 
through the attitude obtained via the IMU, the flow of the 
pumps is adapted automatically to any orientation that 
the probe has, in order to fulfill the motion in the wanted 
direction. We also chose this strategy of control because 
up to this point in the design, there is no camera installed 
on the probe and the operator needs to keep sight of the 
position of the probe. Later, when a camera is installed at 
the tip of the probe, this control can be modified in order 
to define all the motions completely with respect to the 
local reference system located at the tip of the probe.
In order to probe the efficiency of the designed con-
trol and the correction of the rotation in the longitudi-
nal axis, the motion of a small section of the probe was 
tested inside a water tank. As is shown in Fig.  22a, the 
hose was attached rigidly about 0.3 m behind its tip. 
Afterward, a circumference was traced with the joystick. 
This circumference had the maximum diameter available 
in the joystick and the z-axis kept the maximum value all 
the time. We verified that the tip of the system consist-
ently followed the motion of the joystick and generated a 
circumference with an approximate diameter of 0.3 m, as 
is displayed in the sequence photography in Fig. 22b. The 
same figure shows the rotation of the tip and the joystick 
Fig. 19 Orientation of the local reference system placed at the tip 
and vectorial summation for the total thrust force. The light green 
vectors represent the thrust force of each water-jet and the dark red 
vector represent the projection of the total thrust force on the local 
reference system
Fig. 20 Family of total thrust force generated by the normalized 
force of each water-jet. The origin of all the family of vectors is located 
at 0, 0, 0 and the final point of all the vectors is located inside the 
cube
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in opposite directions because the view of the sequence 
shot of the tip was taken from the front. In this experi-
ment, where the system is attached rigidly, the diameter 
of the circumference traced by the probe can be defined 
through the inclination of the joystick or through the 
magnitude of the water jet. The experiment was repeated 
several times changing the longitudinal orientation of the 
system. Regardless the change in the orientation, the sys-
tem did not lose the reference due to the continuous cor-
rection in the orientation done with data gathered from 
the IMU. Repetitiveness of the control was also verified 
since circumference with similar diameters were gener-
ated for all the orientations tested.
Maneuvering experiments
Tests were conducted in different environments to sim-
ulate more typical conditions such as: on the ground 
(pavement), in air, and in water.
Regarding the test on the ground, two targets cones 
were placed seven meters from each other. The aim of the 
test was to touch the two targets with the tip of the probe. 
As is displayed in Fig. 23a, the starting position of the tip 
of the probe was in the middle of the two targets and 
three meters in a perpendicular direction from an imagi-
nary line that connects the cones. A restriction of con-
tinuous contact between the probe and the ground was 
also established in order to verify the performance of the 
system in two-dimensional motion. Through the experi-
ment, the longitudinal orientation of the system changes 
occasionally when the probe starts to move on the 
ground due to the friction or due to the intrinsic rigidity 
of the hoses. Despite the fact that it was possible to reach 
both targets in less than 1 min, different issues related to 
the friction were presented. Due to the large contact that 
the probe had with the ground, the thrust force generated 
by the water-jet was not strong enough to propel for-
wards in a straight line. Therefore, we employed a strat-
egy based on moving the tip laterally from side-to-side in 
order to gather the momentum necessary for the forward 
motion. This lateral motion done by the system resem-
bles a snake-like motion. Even though this motion helped 
to overcome the friction force, there is a limit on the 
total length that the probe can be moved with this strat-
egy, which is less than 7 m. Because the lateral motion to 
gather momentum varies depending on the friction fac-
tor between the surfaces in contact, it is not possible to 
measure an average speed of this motion. Figure 23b dis-
plays a sequence of images of the experiment.
With respect to the motion in the air, an identical task 
as for the test on the ground was established, the main 
difference resided in keeping the tip of the probe in the 
air at all times. During experimentation, it was possible to 
raise about 1 m of the probe to an approximate height of 
0.4 m, as is shown in the sequence shot in Fig. 24. The tip 
of the probe glided in the air with no time limit. However, 
because the contact between this part of the probe and 
the ground did not exist, the motion of the tip became 
Fig. 21 Field of vectors delimited with a cone in the low range 
magnitude
Fig. 22 Test of the control of the device to verify that the move-
ment of the system follows the motion of the joystick. a The probe 
was attached rigidly 0.3 m behind its tip to test the effectiveness of 
the control. b With the fixation restriction, we were able to generate 
circumferences of 0.3 m applying maximum thrusting force with the 
maximum inclination in the joystick for different longitudinal orienta-
tion of the probe
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sensitive and difficult to control; with just a small change 
in direction in the joystick, the tip moved abruptly to 
that direction. In fact, due to this reason, it was difficult 
to fulfill the task. In general, the rest of the probe stayed 
motionless on the ground. However, as happened in the 
experimentation on the ground, while the tip is moving 
in the air it was possible to gather momentum and drag 
part of the probe. Despite the issues encountered in the 
experimentation, it was possible to verify the immediate 
recovery of reference anytime the probe rotates abruptly 
on its longitudinal axis.
For the experiments inside the water, initially, we tested 
the motion of the probe without the TiTech M4 and the 
communication cable. In these experiments, due to the 
homogeneity of the environment, the probe moved easily 
inside the water and the resistance force of the water was 
small enough to allow forward displacements without 
the need of snake-like movements. Furthermore, it was 
possible to pull around 20 m of the probe in straight line 
motion. We noticed that the friction was large enough 
to avoid the impulsive motion in three-dimensional dis-
placement. However, the problem of lack of control in 
the longitudinal axis was more evident because the probe 
tended to rotate a lot on this longitudinal axis and, con-
sequently, the reference was easily lost. Therefore, the 
TiTech M4 was installed to solve this problem. How-
ever, with the TiTech M4 and the communication cable 
installed, the weight of the device was increased and the 
buoyancy force reduced. Hence, some pieces of Styro-
foam were added along the probe in order to increase the 
buoyancy. After this addition, the reduction of buoyancy 
force was solved and the probe was able to move with-
out any problem as before. Finally, in order to compre-
hensively test the motion and controllability of the probe 
submerged in water, three different targets were placed 
at the bottom of a pool with a depth of 2 m. These tar-
gets had a separation distance of around 3 m from each 
other and a fourth target was placed on the surface. 
The approximate position and the time taken to reach 
each target are shown in Fig. 25. Due to the homogene-
ity of the environment and the presence of a larger drag 
force, the motion and control of the system were easier 
and accurate. There was not need for a special strategy 
for the motion and all the target were reached without 
any problems. For the purpose of moving the probe in a 
straightforward way and reduce the number of turns to 
reach every target, when necessary, the user pulled back 
Fig. 23 Test of the motion of the device on the ground. a Initial posi-
tion of the probe with respect to the target cones. b Location of the 
tip at different moments during experimentation
Fig. 24 A sequence shot of the experimentation of motion of the 
device in the air. About 1 m of the device was possible to raise in the 
air to a maximum height of 0.4 m
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the probe from outside the pool with the purpose of add-
ing a backward motion. Moreover, a maximum speed of 
0.5  m/s on a straight line was measured. Figure  26 dis-
plays some images of the experiments performed in the 
water.
The usefulness and efficiency of the IMU to correct the 
lack of control in the longitudinal axis was more notori-
ous in the experiments carried out in the air and inside 
the water. The reason is that, in these environments, the 
device has less restriction to rotate and lose its reference. 
The IMU also helped to more easily control the system 
because the orientation of the reference frame at the tip 
was partially adapted to the reference of the user.
Discussion
In general, the use of the IMU to acquire the orientation 
at the tip as well as the delimitation in the thrust force 
field allows us to control the system in different environ-
ments in a straightforward way. Nevertheless, the motion 
on the ground requires the implementation of snake-
like motion, which is necessary to overcome the limita-
tion generated by the large friction force. Another way 
to overcome this limitation is by using more powerful 
pumps since the pumps used in the experiments belong 
to middle-range-pressure washing machines aimed at 
home use. On the other hand, in the tests done with the 
probe in the air, we were able to keep the tip gliding in 
the air. However, the control was extremely sensitive and 
just a small change of direction in the joystick caused 
an impulsive motion at the tip. This made it very diffi-
cult to direct the probe to a fixed point due to the lack 
of drag force. A possible way to solve this problem is by 
the implementation of a PID control in order to damp 
the impulsive motion that is generated when the probe is 
in the air. The experiment in the pool helps us to under-
stand that in order to make it easier to control our sys-
tem, an extra degree of freedom that pulls the probe 
backward may be useful. This degree of freedom could 
be added by the addition of a motorized reel which col-
lects the probe when it is necessary. Finally, although the 
developed probe is larger than the grating hole due to 
the size of the IMU, we can minimize its size by custom 
Fig. 25 Schematic top view of the positions of the targets in the 
pool. Position described in meter from the corner of the pool and the 
time required to reach every target
Fig. 26 Test of the motion of the device inside the water at different depths. a It was possible to reach a speed of 0.5 m/s and pull up to 20 m of 
the device in straight line. b The searching of several objects at 2 m of depth was carried out. c The change of depth from the bottom to the surface 
is performed without problem
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made in the near future. In the current device, we use a 
commercially available IMU for ease implementation.
Conclusion
In this paper, we propose the usage of water-jet as pro-
pulsion source with the aim of solving the need of devel-
oping more slender and longer devices for inspection 
tasks. An analysis of the variables that interact in the gen-
eration of thrust force was developed with the intention 
of understanding their correlation. We found that the 
main limitation for the thrust force is the maximum pres-
sure that the pump is able to bear. A first prototype was 
developed to test the mobility and controllability of the 
device on the ground, in the air and under water. It was 
possible to move and control the device on the ground, 
in the air and under the water. However, in the aquatic 
environment, the system shown the best controllability 
and mobility. Finally, the water jet seems promising to be 
used as propulsion source for inspection systems, how-
ever, further research is necessary to improve and explore 
different possibilities of this concept.
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